We applied allometry to examine the effects of elevated [CO 2 ] on N use efficiency and N partitioning within Dactylis glomerata L. plants, independent of ontogenetic drift. The plants were grown hydroponically at either ambient (360 mL L Ϫ1 ) or elevated (680 mL L Ϫ1 ) atmospheric [CO 2 ] and four concentrations of . Independent Ϫ NO 3 of N supply, elevated [CO 2 ] increased whole-plant dry matter production compared with N accumulation during very early stages of growth only, indicating a transient increase in plant N use efficiency (i.e., net dry mass gain per net N gain). However, an increase in N supply resulted generally in a decrease in plant N use efficiency throughout ontogeny. When compared at the same age, elevated [CO 2 ] reduced the N concentration (mass percentage) of the whole plant and shoot but did not affect the N concentration of the root. However, CO 2 enrichment had hardly any effect on the partitioning of N between shoot and root when analyzed allometrically and independent of the partitioning of dry matter. In contrast, enhanced N supply reduced the allocation of N to roots throughout ontogeny. When compared at the same age, CO 2 enrichment reduced the N concentration of leaves when expressed per unit dry mass but not when expressed per unit leaf area, which is related to a decrease in specific leaf area induced by elevated [CO 2 ] during early stages of growth. We conclude that atmospheric CO 2 enrichment can increase plant N use efficiency, independent of N availability. This increase may result from physiological changes in plant N use efficiency during very early stages of growth and is more than a size-dependent phenomenon resulting from accelerated dry matter production.
Introduction
The N concentration of plant tissues changes during growth and ontogeny (Coleman et al. 1993) . Most studies examining the effects of atmospheric CO 2 enrichment on the N concentration of plants have compared plants of the same age. Because plants often grow faster at elevated than at ambient [CO 2 ] (Hunt et al. 1991; Poorter 1993; Harmens et al. 2000b) , comparisons made at a common time may not demonstrate CO 2 -induced changes in the N concentration of plants per se but might simply result from ontogenetic drift (Coleman et al. 1993 ). This complicates any interpretation regarding the impact of elevated [CO 2 ] on plant N use efficiency, which has often been reported to increase at elevated compared with ambient [CO 2 ] (Stitt and Krapp 1999) . We analyzed the relationship between whole-plant dry mass and N content allometrically (Farrar and Gunn 1998; Harmens et al. 2000b; Marriott et al. 2001) in order to differentiate between effects of CO 2 enrichment on whole-plant N use efficiency independent of plant size and also indirectly brought about by CO 2 -induced size differences. Furthermore, allometry provides insight into momentary changes in the allocation of dry matter and N of 1 Author for correspondence; e-mail hh@ceh.ac.uk. 2 Current address: School of Agricultural and Forest Sciences, University of Wales, Bangor, Gwynedd LL57 2UW, United Kingdom.
Manuscript received March 2001; revised manuscript received June 2001.
newly formed plant material. We define whole-plant N use efficiency as net dry mass gain per net N gain and hypothesize that (1) elevated [CO 2 ] does not affect whole-plant N use efficiency when ontogenetic drift is taken into account (cf. Coleman et al. 1993) .
Some studies have reported differential responses of the N concentration of above-and belowground tissues to elevated [CO 2 ], either in direction or magnitude (Baxter et al. 1994; Den Hertog et al. 1996; Roumet et al. 1996; Schappi and Kö rner 1997; Cotrufo et al. 1998 ). This might indicate CO 2 -induced changes in the partitioning of N between the shoot and root. However, whether differential responses of the N concentration of plant tissues result from changes in the partitioning of dry matter, N, or both is uncertain. To identify true changes in the partitioning of N between shoot and root independent of changes in the allocation of dry matter and ontogenetic drift, the partitioning of N within the plant should be analyzed allometrically. In contrast to resources such as N and light (Gebauer et al. 1996; McConnaughay and Coleman 1999) , CO 2 enrichment does not generally affect the partitioning of dry matter between the shoot and root (Gebauer et al. 1996; Stirling et al. 1998; Gunn et al. 1999; Bernacchi et al. 2000) , except sometimes transiently during the early stages of growth (Harmens et al. 2000b) . Similarly, we hypothesize that (2) elevated [CO 2 ] does not affect the partitioning of N between the shoot and root other than during early stages of growth. Although CO 2 enrichment generally decreases the N concentration of plant tissues, there is considerable variation in the magnitude across species and environments (Luo et al. 1994; Poorter et al. 1997; Stitt and Krapp 1999) . The N concentration of roots may decrease (Hocking and Meyer 1991; Soussana et al. 1996; Cotrufo et al. 1998) , be unaffected (Baxter et al. 1994; Den Hertog et al. 1996; Schappi and Kö rner 1997) or may even increase (Fonseca et al. 1997) . Atmospheric CO 2 enrichment reduces the N concentration in leaf tissue of most C 3 species, when expressed on a dry mass basis (Wong 1990; Conroy and Hocking 1993; Luo et al. 1994; Curtis 1996; Soussana et al. 1996; Poorter et al. 1997; Cotrufo et al. 1998; Stitt and Krapp 1999) . A decrease in the N concentration of leaves might result from an increase in the nonstructural and/or structural carbon concentration, a decrease in the concentration of N compounds such as Rubisco (Stitt and Krapp 1999; Harmens et al. 2000a) , accelerated leaf development (Roumet et al. 1999) , or a combination of these factors. In general, CO 2 enrichment enhances the nonstructural carbohydrate concentration of leaves (Stitt 1991; Drake et al. 1997; Poorter et al. 1997; Harmens et al. 2000a; Marriott et al. 2001) . However, apparent decreases in the N concentration of leaves at enhanced atmospheric [CO 2 ] do not always disappear when expressed on a structural dry mass basis (Wong 1990; Baxter et al. 1997; Poorter et al. 1997; Schappi and Kö rner 1997; Marriott et al. 2001 ). The reduction in N concentration of leaves at elevated [CO 2 ] can be small (Wong 1990) or zero (Curtis 1996) when the N concentration is expressed per unit leaf area because the specific leaf area (i.e., leaf area per leaf dry mass) is generally lower at elevated than at ambient [CO 2 ] (Den Hertog et al. 1993; Poorter 1993; Curtis 1996; Harmens et al. 2000b) . Therefore, the so often observed decrease in the mass percentage of N in leaves might be related to changes in the specific leaf area (Roderick et al. 1999b) . We hypothesize that (3) the CO 2 -induced reduction in the mass percentage of N in leaves is not evident when the N concentration is expressed per unit leaf area.
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To test the above-mentioned three hypotheses, we studied the effects of elevated [CO 2 ] (680 mL L
Ϫ1
) on the concentration and partitioning of N in the forage grass Dactylis glomerata in controlled environments. Since we aimed to study the direct effects of elevated [CO 2 ] on the partitioning of N, plants were grown in hydroponics to allow free access to nutrients and water in order to minimize confounding effects of soil water and nutrient status on plants (Stitt and Krapp 1999; Harmens et al. 2000b) . Because N supply might have a marked impact on the effect of elevated [CO 2 ] on the N concentration of plant tissues (Stitt and Krapp 1999) , plants were grown at four N concentrations, ranging from growth limiting to more than optimal (Harmens et al. 2000b ).
Material and Methods

Plant Growth
Seeds of Dactylis glomerata L. cv. Sylvan were sown in propagators on moistened filter paper in two controlled-environment cabinets (Sanyo Gallenkamp, model SGC660/C/HQI, Loughborough, United Kingdom) at either ambient (360 mL L Ϫ1 ) or elevated (680 mL L
Ϫ1
) CO 2 concentrations. Nine days after sowing, uniform-sized seedlings with one leaf were transferred to 3.5-L containers with half-strength Long Ashton solution (Hewitt 1966) and 10 mg L Ϫ1 of sodium metasilicate. The concentration was modified to give four concentra-Ϫ NO 3 tions: 0.15, 0.6, 1.5, and 6.0 mM. Nitrogen was added as KNO 3 and Ca(NO 3 ) 2 , and at the lower N supplies, the potas- A general linear ANOVA model was fitted to the mean value of each container, so per treatment at each harvest. Data for n p 2 plant N content were ln-transformed to obtain homogeneity of variance. ns p not significant. "Time # CO 2 " interactions were not significant. * . P ≤ 0.05 * * . P ≤ 0.01 * * * . P ≤ 0.001 sium and calcium concentrations were made up by adding K 2 SO 4 and CaCl 2 . The solutions were gently aerated, and the pH was maintained between 5.6 and 6.4 by adding MES (final concentration of 2 mM) and KOH when the solutions were replaced. Twenty seedlings were planted in each container (two containers per treatment), and after 1 wk the nutrient solutions were replaced and the number of plants per container was reduced to 15. Thereafter, the nutrient solutions were replaced twice weekly and the number of plants per container was reduced at every harvest. In order to reduce cabinet effects and effects of environmental heterogeneity within the cabinets, CO 2 treatments were swapped between the two cabinets twice a week and containers were randomized within each cabinet. Further details regarding conditions of growth were described previously (Harmens et al. 2000a (Harmens et al. , 2000b . Seven plants per treatment (three to four plants per container) were harvested at 23, 28, 34, and 38 d after sowing. Plants were separated into groups: leaf blades, leaf sheath + stem, and roots. The area of leaf blades was determined using a digital leaf area meter (Delta T, Cambridge, United Kingdom), and plant parts were dried for at least 48 h at 65ЊC in an oven and weighed.
Organic N Concentration of Plant Tissue
Dried material was ground in a hammer mill (Glen Creston, Stanmore, United Kingdom), and up to 250 mg was put into a Kjeldahl digestion tube and wet digested according to Allen (1989) . The ammonium concentration of the digested samples was determined by cation chromatography (Dionex 2000i/SP, Camberley, United Kingdom), using NH 4 Cl (Analar grade) as a standard and apple leaves as standard reference material (National Institute of Standards and Technology, Gaithersburg, Md.). Cations were separated on a CS12 analytical column (Dionex, Camberley) using 20 mM methane sulphonic acid as eluent and analyzed by conductivity detection with auto-self-regenerating suppression.
Allometric Relationships
Allometric relationships were determined using means per container for each harvest and an ordinary linear regression equation:
where is the y-intercept, k is the slope, and y and x are, ln a respectively, total organic N content and total dry mass per plant and total organic N content in shoot and root. Subsequently, the slope ( ) of the geometric mean regression was v determined for all relationships (Ricker 1984; Gunn et al. 1999 ) because both y and x are dependent variables:
where r is the correlation coefficient of the ordinary linear regression and is the allometric coefficient calculated by geov metric mean regression. Where there was no significant difference between the slopes because of [CO 2 ], a comparison of the elevations (as opposed to the y-intercepts) of the regressions (i.e., comparison of the vertical position of the lines) was carried out (Zar 1996) . Regression lines with the same slope and elevation coincide, while regression lines with the same slope but different elevation are parallel.
Statistical Analysis
Data for organic N concentration of plant tissue were analyzed by analysis of variance (ANOVA) of the mean values of each container ( per treatment per harvest) using the n p 2 Genstat statistical package (Lawes Agricultural Trust, Rothamsted, U.K.). Effects of CO 2 and N supply on the allometric coefficient ( ) and elevations of the regression were analyzed v by pairwise comparison using Student's t-test with 12 ( ) or v 13 (elevations) degrees of freedom. Unless indicated otherwise, significant treatment effects refer to . P ≤ 0.05
Results
Organic N Concentration at the Same Plant Age
The N content per plant was higher, but the N concentration on a plant dry mass basis was lower at elevated than at ambient [CO 2 ] ( fig. 1; table 1) . The lower N concentration of plants grown at elevated [CO 2 ] was the result of a lower N concentration of the shoots (i.e., leaves + stem) because the N con- 
Organic N Content and Partitioning, Independent of Ontogenetic Drift
Elevated [CO 2 ] had no significant effect on the allometric coefficient ( ) relating dry matter production and N content v (i.e., total amount of N) in plants (table 2), indicating that elevated [CO 2 ] did not change whole-plant N use efficiency between the first and the final harvest. However, CO 2 enrichment had a significant effect on the elevation of the regression lines, such that there was an early increase in dry matter production compared with net uptake of N, indicating that elevated [CO 2 ] did increase whole-plant N use efficiency during very early stages of growth (i.e., before the first harvest). In contrast, an increase in N supply above 0.6 mM resulted fig. 1; table 2 ). When Ϫ NO 3 compared at the same plant dry mass (or leaf area; data not shown), the N concentration was either the same or lower at elevated compared with ambient [CO 2 ], depending on N supply and dry mass (or leaf area) at which comparisons were made ( fig. 4) . The net partitioning of N between the shoot and root was not affected by [CO 2 ] between the first and the final harvest (table 2) . However, there was a significant ( ) P p 0.05 increase in the partitioning of N to the root at elevated compared with ambient [CO 2 ] at 0.15 and 1.5 mM during Ϫ NO 3 very early stages of growth (table 2). More N was allocated to the root at low than at high N supply throughout ontogeny (table 2) .
There was a linear relationship between the relative N gain and relative growth rate of the plants (as determined by linear and sequential polynomial regression) at both ambient and elevated [CO 2 ] (fig. 5 ). Neither the slope nor the elevations of the regression lines were significantly affected by [CO 2 ], and the slope of the regression lines did not differ significantly from 1.
Discussion
Many studies have implicated an increase in whole-plant N use efficiency as a result of CO 2 enrichment (Stitt and Krapp 1999) . However, data have to be interpreted with care when ontogenetic drift is not taken into account (Coleman et al. 1993; Stitt and Krapp 1999; Harmens et al. 2000b ). We applied the dynamic approach of allometry to identify effects of treatments independent of ontogeny and found that elevated [CO 2 ] increased whole-plant N use efficiency during the very early stages of growth. Hence, an increase in N use efficiency in Dactylis glomerata at elevated compared with ambient [CO 2 ] was still present when ontogenetic drift was taken into account (invalidating hypothesis 1). Similar results were reported for Urtica urens (Marriott et al. 2001) . In contrast, an increase in N supply above 0.6 mM resulted in a decrease Ϫ NO 3 in N use efficiency throughout ontogeny. Coleman et al. (1993) found that CO 2 enrichment did not affect the pattern by which plants accumulated dry matter and N over the course of their development because whole-plant However, whole-plant N concentration of D. glomerata was either the same or lower at elevated compared with ambient [CO 2 ] when plants were compared at the same dry mass (or leaf area), indicating that increases in plant N use efficiency occur in D. glomerata as a result of CO 2 enhancement. When comparing 11 species at a common dry mass, Roumet et al. (1996) did not find a significant decrease in the N concentration in CO 2 -enriched plants. Our study shows that the magnitude of impact and whether [CO 2 ] affects the whole-plant N concentration can be dependent on the dry mass at which plants are compared. Therefore, plants should be compared at a range of dry mass in order to draw any valid conclusions concerning the effects of treatment on whole-plant N concentration and plant N use efficiency. However, we strongly recommend the use of the dynamic allometric approach (Farrar and Gunn 1998; Harmens et al. 2000b; Marriott et al. 2001) because the percentage of N in plants is a ratio that changes throughout ontogeny, in particular at growth-limiting N availability. The relationship between the relative growth rate and N gain of plants between 23 dicating that the relative growth rate within that period was driven primarily by N gain, i.e., increase in N per N present in the plant. Above-and belowground tissues of D. glomerata showed a differential response to CO 2 enrichment with respect to their N concentration, expressed on a dry mass basis: CO 2 enrichment resulted in a decrease in the N concentration of the shoot, but did not affect the N concentration of the root. Other species too show differential responses of the N concentration of above-and belowground tissue to elevated [CO 2 ] (Baxter et al. 1994; Den Hertog et al. 1996; Roumet et al. 1996; Schappi and Kö rner 1997) . Cotrufo et al. (1998) stated that under elevated [CO 2 ] plants change their allocation of N between above-and belowground tissues because the N concentration of roots were reduced less than the N concentration of shoots. However, this study clearly shows that a differential response of above-and belowground tissue to CO 2 enrichment regarding their N concentration does not necessarily mean a differential partitioning of N between shoot and root. Allometric analyses show that atmospheric [CO 2 ] does not affect the partitioning of N between shoot and root in D. glomerata, except that at 0.15 and 1.5 mM N was preferentially allocated Ϫ NO 3 to the root at elevated compared with ambient [CO 2 ] during very early stages of growth (verifying hypothesis 2). In contrast, an increase in N supply affected the partitioning of N throughout ontogeny, such that enhanced N supply reduced the allocation of N to roots. Similar results were found for net dry matter partitioning between shoot and root (Harmens et al. 2000b) . Furthermore, this study shows that changes in shoot to root dry mass ratios can result in changes in wholeplant N concentration. Because the N concentration is lower in roots than shoots of D. glomerata, an increase (or decrease) in shoot to root dry mass ratio will automatically lead to increase (or decrease) in whole-plant N concentration, when not affecting the N concentration of the individual tissues.
Effects of CO 2 enrichment on the N concentration of leaves in D. glomerata are linked to transient changes in the partitioning of dry matter and leaf area during early stages of growth (Harmens et al. 2000b ). The negative effect of CO 2 enrichment on the N concentration of leaf blades of D. glomerata, expressed per unit dry mass, was not evident when expressed per unit leaf area (verifying hypothesis 3), which can be explained by a lower specific leaf area at elevated than at ambient [CO 2 ] (Harmens et al. 2000b ). Similar results were observed for the youngest fully expanded leaves when compared at the same developmental stage, i.e., 2 d after full expansion (Harmens et al. 2000a) . Although the youngest fully expanded leaves accumulated more nonstructural carbohydrates at elevated than at ambient [CO 2 ] (Harmens et al. 2000a) , the specific leaf area was still lower at elevated than at ambient [CO 2 ] when expressed per unit structural dry mass (H. Harmens, unpublished data). Therefore, the N concentration of the youngest fully expanded leaf was still lower at elevated than at ambient [CO 2 ] when expressed on a structural dry mass basis (cf. Roumet et al. 1999 ). The accumulation of structural dry matter per leaf area might be the result of thicker leaves with more cell layers, increased cell size, or density.
In agreement with our study, the N concentration of tree leaves was significantly lower at elevated than at ambient [CO 2 ] when expressed per unit dry mass, but the effect of CO 2 disappeared when the N concentration was expressed per unit leaf area (Curtis 1996) . However, our results are in contrast with those reported by Roumet et al. (1999) for genotypes of Mediterranean D. glomerata, in which the decrease in leaf N concentration was still present when expressed per unit leaf area. This difference in response might be because of the use of different ecotypes and/or the fact that Roumet et al. (1999) grew the plants in competition in soil monoliths, therefore not controlling the precise availability of resources such as N, water, and light to individual plants. In our study we aimed to differentiate between direct effects of atmospheric CO 2 enrichment on plants and confounding, indirect effects resulting from changes in the availability of other resources. Therefore, the availability of resources to individual plants was controlled carefully. Under field conditions, direct and indirect effects of atmospheric CO 2 enrichment on plants cannot be distinguished easily.
In general, there is a close relationship between the N concentration (mass percentage) and the specific leaf area of leaves, such that a decrease in specific leaf area is correlated with a decrease in the N concentration (Roderick et al. 1999b) . This relationship appears not to be affected by atmospheric CO 2 enrichment (Roderick et al. 1999a) . Future studies on atmospheric CO 2 enrichment should try to elucidate the physiological mechanisms responsible for changes in leaf structure and the relationship with changes in the chemical composition of leaves. Once again, effects of CO 2 enrichment on the growth rate of leaves should be taken into account because changes in leaf properties induced by elevated [CO 2 ] might follow the same overall pattern as that at ambient [CO 2 ] (Roderick et al. 1999a) .
We conclude that atmospheric CO 2 enrichment can increase plant N use efficiency independent of N availability. This increase may be the result of physiological changes in plant N use efficiency during very early stages of growth, and is more than a size-dependent phenomenon resulting from accelerated dry matter production. In accord with the partitioning of dry matter (Harmens et al. 2000b) , atmospheric CO 2 enrichment hardly affects the partitioning of N between shoot and root.
